Shear stress and hydrostatic pressure-induced stretch are known to enhance the production of free radicals, causing oxidative stress in the vascular wall and have been implicated in endothelial inflammation and vascular lesions. Production of antioxidant enzymes such as superoxide dismutase, glutathione peroxidase, and catalase probably constitute a key factor in maintaining the redox state of arterial wall in response to hemodynamic forces. In the present study, redox state of arterial wall at constant pulsatile/laminar shear and varying hydrostatic pressure (70 and 150 cm water) was evaluated. The aim was to study the pressure, in combination with different flow patterns (laminar/pulsatile shear stress), induced oxidative stress which presumably cause arterial wall inflammation leading to vascular legions. The level of reduced glutathione (GSH), lipid peroxidation (LPO) and enzymes known to contribute to the redox status of the cell/tissue, have been measured. Present study quantitatively evaluates the hemodynamic forces induced vascular oxidative stress. We individually assessed the activity of Superoxide Dismutase (SOD), catalase, glutathione peroxidase (GPx), xanthine oxidase (XO), and glutathione-s-transferase (GST) under hemodynamic stress. Secondary antioxidant enzymes like glucose-6-phosphate dehydrogenase (G6PD) and glutathione reductase (GR) were also measured. The increased oxidative stress under pulsatile shear stress and high hydrostatic pressure potentially suggests that vascular inflammation is the key to understand initiation of vascular lesions. Higher concentrations of SOD in arterial wall ought to be considered since this explains arterial wall antioxidant defense in vascular pathologies, which potentially involve oxidative stress. In conclusion, pulsatile shear stress in combination with hydrostatic pressure is a weak inducer of antioxidant defense in blood vessels, hence, considered to be atherogenic. The finding is relevant to both the normal and pathophysiologically relevant hemodynamically stress rabbit thoracic aorta.
Introduction
Hemodynamic forces-induced injury to the vessel wall could increase oxidative stress, which is encountered in many pathological situations affecting the vasculature. It has been well recognized that hemodynamic forces, which are constantly acting on the vessel wall, involved in vascular pathological process like atherogenesis. These forces (shear stress, hydrostatic pressure, and pulsatile stretch) alter function and structure of the blood vessel wall at cellular and molecular level. However, hemodynamic forces-induced intracellular ROS levels, or the role of ROS in hemodynamic forces-induced gene expression is yet to be elucidated further. Most of the cells that encompass the vascular system generate reactive oxygen species under normal and stressed conditions [1] . There is a conventional thought, which regard these highly reactive molecules as harmful to the vascular system, leading to some pathological processes such as hypertension and atherosclerosis [2, 3] . Rhythmic distension of the vessel wall, which is a component of pulsatile flow that imposes cyclic stretch on vessel wall, could play an important role in modulation of gene expression [4] . However, neither the intracellular levels ROS nor its role in hemodynamic forcesinduced gene expression has been fully understood.
Laminar shear stress increases superoxide dismutase activity in human aortic endothelial cells, thereby protecting vascular cells against oxidative stress. Pulsatile shear stress, on the other hand, is considered to be a critical determinant of flow-induced superoxide anion production [5] . The ability of laminar shear stress to induce GPx-1 expression in endothelial cells may be an important mechanism [6] . Glutathione may react directly with ROS as well as serve as an electron donor for glutathione peroxidase (GPx), which reduces hydrogen and lipid peroxides [7, 8] .
Oxidant/antioxidant balance in arterial wall has a very important role in protecting the vessel and in permitting normal physiological and biochemical activities in the vessel [9, 10] . In general, the amount of antioxidants is adequate to protect the arterial wall from any oxidant production that might occur under normal circumstances. In fact, the arterial wall contains very large amount of superoxide dismutase [11] . However, the antioxidant reserves can be inadequate under certain physiological stress conditions such as high blood pressure [12] . The behavior of ROS-producing systems (including a variety of NADPH and NADH oxidases, NO synthase, and xanthine oxidase) in vascular endothelium and smooth muscle cells are regulated by receptor-mediated action, metabolic processes, oxygen tension, and of course hemodynamic forces linked with blood pressure and flow [13, 14] .
Vascular inflammation occurs in response to injury induced by various stimuli. Russell Ross in the late 1970s suggested in his "response to injury" hypothesis that atherosclerosis, at least, resulted from an initial injury to endothelial cells, leading to impaired endothelial function and subsequent macrophage infiltration and smooth muscle dysfunction. Thus, in contrast to the suggestion that what role could hemodynamics forces play in atherogenesis when inflammation and oxidant stress coincide. As a result of increase in reactive species (ROS), a number of pathophysiological responses are activated. These responses include attenuation of vasodilator mechanisms mediated through the stimulation of soluble guanylate cyclase and the promotion of adhesion protein expression or vascular proliferative processes. Prooxidant species become activators of apoptotic or necrotic cellular injury in case of increased cellular antioxidant systems [15] .
The arterial wall is optimally active to neutralize normal levels of production of oxygen free radicals. Both endothelial cells and vascular smooth muscle cells are capable of producing reactive oxygen species from a range of enzymatic sources [16, 11] . In some vasculopathies, such as atherosclerosis and hypertension, the production of these reactive oxygen species may increase to a large extent [17, 18] . The increase in the production of superoxide anion can lead to a decrease in ambient levels of nitric oxide through a simple radical/radical reaction that occurs much faster than the reaction of superoxide anion with superoxide dismutase [19, 20] . The vessel wall is also able to generate increased levels of antioxidants when it is stressed by an oxidant injury [11] .
Contrasting responses have been observed when vascular endothelium was exposed to pulsatile shear stress when compared with endothelium exposed to laminar shear stress. Earlier the vascular endothelium was not considered a major contributor of oxidative stress in normal aortas [21] . In contrast, the production of superoxide anion has been observed in medial and adventitial layer of the arterial wall explaining that radicals can be formed intracellularly, in the interstitial space and in the vascular space [11] . In the present study, the whole arterial preparation was considered.
So far, no studies have been devoted to test specific hemodynamic forces-mediated oxidative stress and antioxidant defenses in a whole artery preparation. In particular, the contribution of flow pulsatility, an important mechanical property of arterial circulation, has not been fully considered. In this study, potential role of pressure in combination with pulsatile or laminar shear stress has been investigated. Pulsatile flow at higher pressure has been implicated in weak vascular wall oxidative defense. A perfusion system was designed to impose a synergistic effect of pulsatile/laminar shear stress and pressure on rabbit thoracic aorta preparation to create a close simulation of the actual conditions occurring in vivo ( Fig. 1) .
At constant pulsatile/laminar shear and varying hydrostatic pressure, the level of reduced glutathione (GSH), lipid peroxidation (LPO) and enzymes known to contribute to the redox status of the cell/tissue have been measured. Enzymes measured in this study include superoxide dismutase (SOD), catalase, glutathione peroxidase (GPx) and xanthine oxidase (XO) and glutathiones-transferase (GST). Secondary antioxidant enzymes like glucose-6-phosphate dehydrogenase (G6PD) and glutathione reductase (GR) were also measured.
Materials and methods

Solutions and chemicals
The composition of Krebs solution, represented as mMol/L, was 118 NaCl; 4.7 KCl; 
Animal Model
Thoracic aortas of male white rabbit were used for the study. All experiments were performed in accordance with the guidelines of the local animal ethics committee of the institute. 
Perfusion system
A perfusion system was designed with some modifications in a previously used perfusion systems by Baldwin et al [22] . It was designed as a close continuous flow loop. In this perfusion system, pressure was superimposed with flow through a pressure head with adjustable height, connected upstream to the vessel. The perfusate circulated between downstream and upstream reservoir, through a roller pump (Minipuls, Gilman, USA). All the tubings used in the system were of uniform diameter to maintain proper flow conditions.
For the experiments with pulsatile flow (shear stress) and pressure, a solenoid valve (Nachiketa Fluidomics, India), operated through a switching circuit of 1.6-3.0 Hz was introduced between upstream reservoir and outer vessel bath. A catheter tip pressure transducer (Excel Technologies, India) was attached through the lumen at the downstream end of the aorta. It was positioned as close as possible to the vessel to minimize the pressure drop down the length.
Artery preparation
Rabbits were anaesthetized by intravenous injection of 30mg/kg body weight sodium pentobarbital via the marginal ear vein. The body weight and blood pressure were assessed and recorded regularly using sphygmomanometer, until the time of sacrifice. The trachea was intubated so that the animal could be ventilated mechanically.
The sternum was split longitudinally and the aorta was exposed between the heart and the diaphragm. After dissecting away the surrounding fat, intercostal arteries were ligated (using silk thread), close to the aortic wall along a 4 cm length of the vessel. During the whole operation, the surface of the vessel was gradually warmed to a temperature of 37°C by superfusing with warm saline. Following this, a length of the aorta from the base of the aortic arch to the diaphragm, was taken out and cannulated without allowing the vessel to collapse.
Cannula whose width was adjusted to fit the internal diameter of the vessel were inserted and tied in place at both ends. Cannulation procedure described by Baldwin et al. [22] was followed.
The proximal cannula, just distal to the aortic arch, was connected to a reservoir containing 40 mg/ml BSA-Krebs solution, which was kept at a height of 80 cm above the reservoir. The vessel was flushed with BSA-Kreb's solution to wash away the blood. The two cannulas were supported by a bridge, which allowed the artery to be maintained at in vivo length (as stretched naturally in the body). Checks were made for leaks and endothelial integrity with 0.02% Evans blue dye mixed in the BSA-Krebs solution. The vessel was then excised and transferred into a trough containing warm, oxygenated Krebs solution. All perfusion tubing as well as the vessel bath, housed in a water bath, was heated to 37 + 1.0 0 C for accurate temperature control. By using sliding microscope the external diameter of normally pressurized aorta was measured (3.07 ± 0.09 mm) in absence of longitudinal stretch and transmural pressure.
Experimental design
Shear stress was computed from flow rate and diameter measurements. The extent of flow pulsatility was calculated (ά=4.94) using a Womersley approximation [23] . Shear stress () was calculated according to Poiseuille's law:
Where μ is the perfusate viscosity in poise, Q is the flow rate (ml/sec), r, is the internal vessel radius. The value for wall shear stress was kept (Mean + SD) 1.0 + 0.05 dyne /cm 2 at 70 or 150 cm water pressure. This relation explains the fact that relatively small decreases in vessel diameter at constant flow can markedly increase shear stress at the endothelial surface. The perfusate was allowed to circulate for the desired length of time. The design of the cannula ensured a fully developed laminar flow in the artery.
All the vessels were put under different hemodynamic conditions (laminar /pulsatile shear stress and varying hydrostatic pressure). Each aorta was exposed to either laminar shear stress and varying hydrostatic pressure (70 or 150 cm water) or pulsatile shear stress and varying hydrostatic pressure for 90.0 + 5.0 minutes. It is to be mentioned here that shear stress is calculated under the assumption that the flow profile is parabolic (steady laminar flow), a situation, which is never realized in vivo due to the pulsatile nature of blood flow and the fact, that blood vessels are collapsible. Branching and bifurcation along the vascular tree together with a gradual decrease in diameter also disfavor the orderliness of stable flow profile. This entails that shear stress values calculated according to Poiseuille's law are much lower than the actual values in situ.
Biochemical estimations
Biochemical analyses of the control as well as stressed rabbit thoracic aorta were performed according to methods described below.
Processing of the tissue and preparation of lysate (homogenate)
The routine method standardized in our laboratory was used for preparation of tissue and subsequent subcellular fractionation. Aortas were taken from both the normal (control) and stressed groups. The vessels were quickly removed after the experiment, rinsed and placed in ice-cold 0.1 M phosphate buffer with 1 mM EDTA, pH 7.0. The fat, mesenteries and perivascular connective tissue were removed. The vessels were then blotted gently between the folds of a filter paper filter paper and weighed. Cut pieces were minced before homogenization. A 10% homogenate was prepared in nine volumes of phosphate buffer (0.1 M, pH 7.4) containing 1.15% KCl giving 5-6 strokes using a polytron homogenizer. All subsequent operations were carried out at a temperature between 0-4 ο C for biochemical analyses.
Sub-cellular Fractionation
Before subcellular fractionation, the homogenate (10%) was passed through the muslin cloth. It was centrifuged at 1500 x g for 5 minutes in a cooling centrifuge to remove the nuclei and other fibrous material. Some aliquots of so obtained supernatant were kept for measuring acid soluble thiol compound (GSH). The supernatant was then decanted into a fresh centrifuge tube and subjected to centrifugation first at 800 x g for 10 min and then 10,500 x g for 20 minute to get post mitochondrial supernatant (PMS) which was used as source of analyses for the biochemical estimations. All enzymatic estimations were completed on same day, immediately after the experiment.
Enzyme estimations
Xanthine Oxidase (XO)
Xanthine oxidase (XO) catalyses the conversion of xanthine to uric acid, which has a characteristic absorption peak around 290 nm. The following spectrophotometric method for XO estimation is based on the procedure of Stripe and Corte [24] as modified by Ali et al. [25] . Briefly, 0.2 ml of post mitochondrial supernatant was diluted to 1 ml with tris-buffer (0.5 M, pH 8.1) and incubated for 5 min at 37C. Adding of 0.1 ml of 1.0 mM xanthine started the reaction. The reaction was kept at 37C for 20 min. The reaction was terminated by the addition of 0.5 ml ice-cold perchloric acid (10%, v/v in distilled water). After 10 min, 2.5 ml of distilled water were added to the precipitated mixture, which was then centrifuged at 1,200 x g for 10 min. The clear supernatant was decanted and the absorbance was read at 290 nm. The results are expressed as moles of uric acid formed per mg protein. The activity of xanthine oxidase was calculated by using a 2 mM stock solution of uric acid to prepare standard curve.
Lipid Peroxidation (LPO)
Assay was performed following the method of Bernheim et al. [26] . To a reaction mixture in a total volume of 2.0 ml containing 1.8 ml phosphate buffer (0.1M, pH 7.4), 0.2 ml of the liver homogenate (10%w/v) was added. The reaction mixture was incubated at 37 o C in shaker water bath for 1 hour. The reaction was terminated by adding 1.0 ml of 10% trichloroacetic acid followed by the addition of 1.0 ml of 0.67% thiobarbituric acid. All the tubes were kept in boiling water bath for 20 minutes. The tubes were then cooled in ice and centrifuged at 2,500 x g for 10 minutes. The resulting supernatant containing thiobarbituric acid-reactive substances (TBARS) was measured by taking the absorbance at 432 nm against a reagent blank. The results were expressed as nmole of malondialdehyde (MDA) formed/mg protein at 37 o C using a molar extinction coefficient of 1.56 x 10 5 M -1 cm -1 .
Reduced glutathione (GSH)
The assay was done according to the method of Jollow et al. [27] in which 1.0 ml of the homogenate was precipitated with 1.0 ml of 4% sulphosalicylic acid. The samples were then kept for 1 hour at 4 o C and centrifuged at 1,200 x g for 15 min at 4 o C. The assay mixture consisted of 0.1 ml of above supernatant, 2.7 ml of phosphate buffer (0.1M, pH7.4) and 0.2 ml of freshly prepared 5,5'-dithiobis-2-nitrobenzene (DTNB) (40mg in 10 ml of 0.1M phosphate buffer of pH7.4) in a total volume of 3.0 ml. The color developed due to the formation of a yellow colored complex, 5-thio-2-nitrobenzoate, was measured immediately at 412 nm. The activity was calculated using GSH as standard and expressed as mole of GSH/gm tissue.
Superoxide Dismutase (SOD)
SOD activity was measured with slight modification in previously used by Marklund et al. [28] . Pyrogallol autoxidation by superoxide dismutase radical (O 2-) generated by univalent reduction of oxygen, is inhibited by superoxide dismutase (SOD). SOD converts superoxide radical to H 2 O 2 , Which does not interfere with the autoxidation process (Marklund and Marklund, 1974) . SOD
Tris buffer was prepared using Tris (50 mM) and EDTA (1mM), dissolved in distilled water and then pH was adjusted to 8.5 by HCl and final volume made to 100 ml. Pyrogallol (20mM) solution was prepared in distilled water, freshly at the time of assay. Assay mixture contained 2.8 ml of tris buffer, 0.1 ml of pyrogallol and 0.1 ml of sample (PMS). After an incubation period of 90 seconds, absorbance was recorded first in control and then in tests every 30 seconds time intervals for 3-4 minutes at 420 nm. The rate of change of absorbance/min was noted at the given time interval and rate of change in the absorbance of the sample was noted to calculate the SOD activity. The increase in absorbance at 420 nm after addition of pyrogallol was inhibited by the presence of SOD in the sample. In this method one unit of SOD is described as the amount of enzyme required to cause 50% inhibition of pyrogallol autoxidation/ml of sample and given by the formula i.e. units of SOD/ml of sample = (A -B/A x 50) x 100 x dilution factor. Where A, is the difference of absorbance in 1 min in control, and B, is the difference of absorbance in 1 min in test sample. Thus, the method was as sensitive as the method based on the reduction of cytochrome c by xanthine oxidase [50] .
Glutathione reductase (GR)
Glutathione reductase activity was assayed by the method of Carlberg and Mannervick [29] . The assay mixture taken in a 3.0 ml cuvette consists of 1.68 ml of phosphate buffer (0.1M, pH 7.4), 0.1 ml of 0.1mM NADPH (freshly prepared by dissolving 0.833 mg in 10 ml of 0.1M phosphate buffer of pH 7.4), 0.1 ml of 0.5mM EDTA (1.86 mg in 10 ml of distilled water), 0.05 ml of 1mM oxidized glutathione (freshly prepared by dissolving 6.126 mg in 10 ml of 0.1M phosphate buffer of pH 7.4) and 70 l of PMS (10% w/v) in a final volume of 2.0 ml. The activity was measured in terms of decrease in absorbance at 340 nm at an interval of 30 sec for 3.0 min at room temperature. The enzyme activity was calculated by measuring the disappearance of NADPH and calculated as nmole of NADPH oxidized/ min/ mg protein using molar extinction coefficient of 6.22 x 10 3 M -1 cm -1 .
Glutathione peroxidase (GPx)
Specific activity of the enzyme was measured according to the procedure described by Mohandas et al. [30] . The reaction mixture in a 3.0 ml cuvette, consists of 1.51 ml of phosphate buffer (0.05M, pH 7.0), 0.1 ml of 1mM EDTA (3.722 mg in 10 ml of distilled water), 0.1 ml of 1mM NaN 3 (1.3 mg in 20 ml of distilled water), 0.1 ml of 1mM reduced glutathione (freshly prepared by dissolving 3.07 mg in 10 ml of 0.05M phosphate buffer of pH 7.0), 0.1 ml of 0.2mM NADPH (freshly prepared by dissolving 1.67 mg in 10 ml of 0.05M phosphate buffer of pH 7.0), 0.01 ml of 0.25mM H 2 O 2 and 80 l of PMS (10% w/v) in a final volume of 2.0 ml. The activity was measured in terms of decrease in absorbance at 340 nm suggestive of disappearance of NADPH at an interval of 30 sec for 3.0 min at room temperature. The enzyme activity was calculated as nmole of NADPH oxidized/ min/ mg protein by using molar extinction coefficient of 6.22 x 10 3 M -1 cm -1 .
Catalase (CAT)
Catalase activity was assayed by the method of Claiborne et al. [31] . The assay mixture consisted of 1.99 ml of phosphate buffer (0.05M, pH 7.0), 1.0 ml of H 2 O 2 (0.019 M) and 10 l PMS (10%w/v) in a total volume of 3.0 ml. Decrease in the absorbance, which is indicative of disappearance of H 2 O 2, was recorded at an interval of 30 sec for 3.0 min at 230 nm. The activity was expressed in nmole of H 2 O 2 consumed/ min/ mg protein using the extinction coefficient of 0.081 x 10 3 M -1 cm -1 .
Glutathione S-tranferase (GST)
Glutathione S-transferase activity was measured by the method of Habig et al. [32] . The reaction mixture taken in a 3.0 ml of cuvette consisted of 1.65 ml of phosphate buffer (0.1M, pH 6.5), 0.2 ml of 1mM reduced glutathione (freshly prepared by dissolving 3.07mg in 10 ml of 0.1M of phosphate buffer of pH 6.5), and 100 l of PMS (10% w/v). 50 l of 1mM freshly prepared 1-chloro-2, 4-dinitrobenzene (2.03 mg in 5-7ml of absolute alcohol; the solution was vortexed and the volume was made to 10 ml with distilled water) was added making the volume of reaction mixture to 2.0 ml. The increase in absorbance corresponding to an increase in CDNB-conjugate formed was recorded at an interval of 30 sec for 3.0 min at 340 nm. The enzyme activity was calculated as nmole CDNB conjugate formed/ min/ mg protein using the extinction coefficient of 9.6 x 10 3 M -1 cm -1 .
Glucose 6-phosphate dehydrogenase (G6PD)
Glucose 6-phosphate dehydrogenase activity was assayed by the method of Zaheer et al. [33] . The reaction mixture in a total volume of 3.0 ml in a cuvette consists of a 0.3 ml of tris-HCl buffer (0.05M, pH 7.6), 0.1 ml of 0.1mM NADP (freshly prepared by dissolving 0.787 mg in 10 ml of 0.05M tris-HCl buffer of pH 7.6), 0.1 ml of 0.8mM glucose-6-phosphate (freshly prepared by dissolving 2.43 mg in 10 ml of 0.05M phosphate buffer of pH 7.6), 0.1 ml of 8mM MgCl 2 (7.073 mg in 10 ml of distilled water), 100 l of PMS (10% w/v) and 2.30 ml of distilled water. The changes in the absorbance were recorded at an interval of 30 sec for 3.0 min at 340 nm and the enzyme activity was calculated as nmole of NADP reduced/ min/ mg protein by using molar extinction coefficient of 6.22 x 10 3 M -1 cm -1 .
Estimation of protein
Protein from each tissue sample was determined using the method of Lowry et al. [34] . 0.1 ml of the sample tissue (10% w/v) was diluted to 1.0 ml with distilled water and then the protein was precipitated with equal volume of trichloroacetic acid (10% w/v in distilled water) to get rid of other contaminants in the sample. Samples were kept overnight and centrifuged at 800 x g for 15 minutes. The supernatant was decanted and discarded. The pellet was dissolved in 5 ml of 1N NaOH by vortexing. Finally 0.1 ml of the diluted aliquot was taken and diluted further to 1.0 ml with distilled water before adding 2.5 ml of copper reagent, which was prepared by mixing sodium carbonate (4% w/v 1N NaOH) and sodium potassium tartarate (2% w/v in distilled water) and copper sulphate (2% w/v in distilled water) in the ratio of 48:1:1. The reaction mixture was kept for 10 min to allow complex formation and then 0.25 ml of Folin's reagent (1N) was added. The absorbance of the blue color developed was recorded at 680 nm. For standard curve, BSA (Bovine Serum Albumin) was used.
Results
Effect of hemodynamic forces on wall oxidative stress
Superoxide dismutase (SOD) activity: All the vessels were subjected to laminar/pulsatile flow (1.6 Hz) induced shear stress (1.0 ± 0.05 (Mean ± SD) dyne/cm 2 ) at 70 and 150 cm water pressure for 5.0 ± 0.5 hours. The activity of superoxide dismutase was found to increase significantly (Fig 1) with laminar shear stress at both 70 and 150 cm hydrostatic pressures (160.0 ± 14.0, 170.0 ± 12.0 units/ml (P < 0.01), respectively, when compared with control (130.0 ± 15.0 unit/ml). The increase was slightly higher at 150 cm, suggesting an atheroprotective role of laminar shear stress. On the other hand, with pulsatile shear stress, a significant reduction in arterial wall SOD production at both the pressures 70 and 150 cm (80.0 ± 6.5, 59.0 ± 5.7 units/ml, (P < 0.001), respectively, vs. control 130.0 ± 15.0 unit/ml) was observed. The low value of SOD at higher pressure (150 cm) predicts a determining role of pressure in combination with pulsatile shear stress in inducing vascular oxidative stress. Catalase activity: The profile of catalase activity in different hemodynamic situations, explain the influence of pressure variation on catalase (Fig. 2) . Laminar shear stress at lower pressure (70 cm) elevated the level of catalase (29.0 + 3.3 nmol vs. 24.0 + 4.3 nmol, P < 0.01). While at higher pressure (150 cm), laminar shear stress was found to decrease catalase level significantly (17.0 + 2.3 nmol, P < 0.05). Further, with the pulsatile flow at both pressures (70 cm/150 cm), catalase was found to be significantly reduced. However the reduction was more significant at higher pressure (150 cm, 6.0 + 1.8 nmol, P < 0.01; 70 cm; 9.5 + 1.5 nmol, P < 0.001), suggesting a prominent role of pressure on catalase level.
Glutathione peroxidase (GPx): Exposure of the vessel to laminar/pulsatile shear stress and varying hydrostatic pressure had a profound impact on the enzymatic activity of glutathione peroxidase (Fig. 3) . Laminar shear stress significantly elevated GPx level at both higher pressures (70 cm, 8.8 + 1.9 nmol vs. control, 5.9 + 2.3 nmol, p < 0.01). While at higher pressure, laminar shear stress was found to cause a slight reduction in GPx activity (150 cm, 7.8 + 1.3 nmol, P < 0.01). Pulsatile shear stress, on the other hand, at both 70 and 150 cm pressures, significantly reduced GPx activity (Fig. 5) . However, reduction was much lower at 70 (2.2 + 0.57 nmol, P < 0.05) than observed at 150 cm (4.1 + 0.5 nmol vs. control 5.9 + 2.3 nmol, P < 0.01), suggesting an opposing effect of hydrostatic pressure, in laminar and pulsatile flow, on GPx activity. This provides evidence to proatherogenic role of pulsatile shear stress. 
Glucose-6-phosphate dehydrogenase (G6PD):
The activity of glucose-6-phosphate dehydrogenase enhanced in case of pulsatile shear stress at both pressures (3.8 + 0.79, and 4.7 + 0.6 nmol at 70 and 150 cm, respectively (Fig. 4) . The control value was 2.9 + 0.6 nmol. In case of laminar shear stress, G6PD activity reduced. The reduction was, however, more prominent at 70 cm (0.8 + 0.15 nmol, P < 0.01) than observed at 150 cm (9.0 + 0.26 nmol, P < 0.05), indicating the effect elevated pressure on G6PD activity. 
Glutathione reductase (GR):
Pulsatile shear stress at 150 cm significantly elevated glutathione reductase activity (12.0 + 4.1 vs. 8.5 + 1.7 nmol, P < 0.05) (Fig 5) . The reduction was slight at lower pressure, 70 cm (7.8 + 3.8 nmol), indicating proatherogenic role of pulsatile flow, as it can be clearly predicted at higher pressure. While with laminar shear stress pressure, the activity of GR was considerably downregulated at both 70 and 150 cm water pressure. However, the reduction was more prominent at 150 cm (4.6 + 1.7nmol, P < 0.01) than observed at 70 cm (5.4 + 0.88 nmol, P < 0.01). 
Glutathione-s-transferase (GST):
Glutathione-s-transferase activity is one of the key indicators of oxidative stress level in the cell. The glutathione-s-transferase is a ubiquitous enzyme that catalyzes the conjugation of reduced glutathione (GSH) with reactive oxygen species. Pressure variations affect GST (Fig. 6) . Pulsatile shear stress increases GST level at both 70 and 150 cm water (8.4 + 0.89 (P < 0.05), 13.0 + 2.3, (P < 0.01), respectively, vs. control; 7.1 + 2.3). The activity was higher at 150 cm. Laminar shear stress at 150 cm could elevate the GST level (11.0 + 1.1 (P < 0.01). At lower pressure (70 cm), no significant change was observed in GST activity level.
Reduced glutathione (GSH): The level of reduced glutathione was found to be decreased with pulsatile shear stress at 70 and 150 cm pressures. Pressure variation did not seem to influence GSH level (Fig. 7) . On the other hand, laminar shear stress upregulated GSH level (6.1 + 0.68 (P < 0.05); 6.5 + 0.74 (P < 0.01) vs. control; 4.9 + 0.5). At higher pressure (150 cm) with pulsatile shear stress and lower pressure with laminar flow at 70 cm, the change was quite significant (laminar, 6.5 + 0.74 (P < 0.01); pulsatile, 3.3 + 0.47, (P < 0.05) in comparison to control. Lipid peroxidation (LPO): Hydrostatic pressure was found to play a determining role in modulating lipid peroxidation. If we consider the profile (Fig. 8) of LPO in vessels, exposed to laminar and pulsatile shear stress at 150 cm, a considerable increase in lipid peroxidation level (laminar, 60.0 + 2.2, P < 0.01, pulsatile; 67.0 + 17, P < 0.01 vs control; 3.9 + 6.7 nmol/mg protein) is evident. While at lower pressure (70 cm), the change was not significant. A slight elevation in LPO with laminar shear stress was observed (45.0 + 10.0, p < 0.05 vs. control; not significant). 
Xanthine oxidase (XO):
Exposure of all the vessels to different hemodynamic condition did not seem to influence the xanthine oxidase activity significantly (Fig. 9) . A slight reduction in XO activity with laminar shear stress at 150 cm [92.0 + 8.2, P < 0.05 vs. control; 100.0 + 8.1 (g/g tissue), not significant] was observed. At higher pressure (150 cm) with pulsatile shear stress, XO was upregulated slightly (110.0 + 11, P < 0.05 vs. control, not significant). In case of laminar shear stress at 70 cm, a slight reduction in XO activity was observed in comparison to control. While at lower pressure (70 cm water), the reduction was more marked. Results have been expressed as Mean  SD and analyzed (comparisons vs. controls) by using Student's-t-test. P < 0.05, 0.01, and 0.001 was chosen as the level of significance.
Statistical Analysis
Discussion
Oxidative stress can modulate a wide variety of biological processes by coupling signals at the cell surface into long-term changes in gene expression. Mechanical forces, for example, have been revealed to mediate the synthesis and secretion of endothelium-derived autacoids [35] , which further alter protein synthesis and cell proliferation. It has earlier been studied by Hishikawa et al. that elevated levels of pulsatile flow modulates the formation of reactive oxygen species in human aortic endothelial cells and coronary artery smooth muscle cells. It has been shown that pulsatile stretch increases oxidative stress and, in turn, promotes DNA synthesis in cultured human coronary artery smooth muscle cells [36] .
The influence of pulsatile shear and stretch on vascular smooth cell reactive oxygen species production has not been fully elucidated yet. In a study by Howard et al. [12] , investigators did not explain an increase in cyclic pressure/strain induced superoxide production in vascular smooth muscles. One of the possible reasons given, was the exposure of cells to a sub-threshold level of pressure. It has been revealed [37] that since superoxide anion radical crosses the cell membrane poorly, the SOD isoenzymes wield their protective functions in different arterial wall compartments. H 2 O 2, owing to its stability and neutrality, is more likely to enter adjacent cells. In addition, the potential redox reactions of superoxide and hydrogen peroxide are quite different. Superoxide is more capable of acting as a reducing agent, whereas hydrogen peroxide and its fenton product, hydroxyl radical, are more likely to act as oxidizing agents. It has also been suggested that oxidative stress induced protein expression is involved in response of smooth muscle cells to shear stress (16) . An antioxidant, pyrrolidine dithiocarbamate and BXT-51072 (that mimic glutathione peroxidase activity) could suppress shear-induced nitric oxide synthase induction in smooth muscle cells. This suggests an increased intracellular nitric oxide activity when there is low oxidant level in the vascular cells.
Lack of pulsatility in unidirectional flow did not bring about increase in superoxide anion production after 5.0 + 0.5 hours flow exposure. This observation stresses the importance of flow pulsatility when assessing the redox state of the vessel wall exposed to different hemodynamic conditions. Studies reported by De Keulenaer et al. [38] , have explained NADH-oxidase activity induction only in vascular endothelial exposed to pulsatile shear stress, whereas only laminar shear stress was unable to preserve a constant enzyme activity. However, their data were obtained using a cultured endothelial cells preparation. Cyclic pressure/strain-mediated superoxide generation has been confirmed previously in human aortic endothelial cells and coronary artery smooth muscle cells [36] and it was attributed to an increase in NADPH oxidase activity. Increased level of glucose-6-phosphate dehydrogenase (G6PD) activity with pulsatile flow especially at higher-pressure support the recycling of GSH. Glucose-6-phosphate dehydrogenase, the first enzyme in the pentose phosphate pathway, is an important source of NADPH and therefore, play a part in the defense against oxidative stress [39] . G6PDH activity is increased when GSH stores are depleted and, in turn, promotes the formation of GSH from its oxidized form, GSSG, to restore the cellular redox state.
It is well established that G6PDH-derived NADPH is utilized as a cofactor and substrate for several cellular enzyme systems, including glutathione reductase, nitric oxide synthase, and NADPH oxidase [40] . The increase in G6PD activity was found to be associated with decrease in glutathione peroxidase (GPx) activity, suggesting that G6PD modulated basal antioxidant defense in blood vessels [41] . Effect of mechanical forces on G6PDH activity has not been previously investigated in an intact blood vessel. We hypothesized that the aortic wall modulates the adverse impact of hemodynamic forces by increasing the expression/activity of glucose-6-phosphate dehydrogenase (G6PDH) to maintain intracellular glutathione (GSH) levels. Pulsatile shear stress, especially at higherpressure, induced superoxide formation, which resulted in diminished GSH because of an increase in oxidized glutathione formation (Fig. 7 and Tab. 3, 4) . An increase in glutathione peroxidase and glutathione reductase activities was also observed. G6PDH activity enhanced concomitant with decreases in GSH levels and remained elevated until intracellular GSH levels were restored. These observations are in agreement with a study (42) in which vascular smooth muscle cells were subjected to pulsatile pressure (cyclic stretch), which promoted the formation of reactive oxygen species.
In the present study including normal and pathophysiologically relevant hemodynamically stressed rabbit thoracic aorta, pulsatile shear stress in combination with hydrostatic pressure has been reported as a weak inducer of antioxidant defense mechanism in blood vessels. De Keulenaer et al. [38] have examined the redox state of cultured human umbilical vein endothelial cells after either pulsatile/oscillatory or steady laminar fluid shear stress and explained that atherosclerotic lesions are found opposite vascular flow dividers (at branches) at sites of low shear stress and pulsatile flow. Present observations are consistent with their hypothesis that suggests that a continuous pulsatile shear causes a sustained activation of oxidative processes. Further, steady laminar shear stress initially activates these processes but appears to induce compensatory antioxidant defenses (Table 3) .
Variation in hydrostatic pressure was found to elevate the oxidative stress level, especially at higher value 150 cm water, which represents the hypertensive situation. Consequently increased superoxide activity imposed an oxidative stress in the vessel as demonstrated by decreased GSH level and increase in GSSG formation (Fig. 7 , Table 1 & Table 2 ). The significance of increased superoxide dismutase correlating with protection from free radicals suggests that laminar shear stress is inducing an atheroprotective response. This change in vascular thiol redox status is accompanied by elevated activity of glutathione-stransferase (GST) and glutathione reductase (GR) (Fig. 6 and Fig. 7) , indicating an increase in GSH recycling. GSH is an endogenous tripeptide known for its role in maintaining redox status of the arterial tissue [43] . Its recycling from GSSG requires NADPH, which in a cell largely synthesized by G6PD.
Laminar shear stress was found to elevate cellular GSH level at both high and low hydrostatic pressures. Further, the decreased activity GR and GST was recorded which was accompanied by decreased activity of G6PD, although higher pressure was to elevate GST activity (Fig. 6) . On the other hand, if we look at the level of superoxide dismutase (SOD) activity, laminar shear stress appears to behave as an antiatherogenic mechanical force by stimulating some antioxidant defense in blood vessels (Table 3) . Increased activity of superoxide dismutase at both high and low pressure was associated with increased GPx activity at higher and catalase activity at lower pressure. Increased level of catalase activity was associated with a decrease in GPx activity at 150 cm water pressure (Table 1 &  Table 2 ). These data show an opposing effect pressure on catalase activity in vessel wall.
The cumulative amount of thiobarbituric acid reactive substances (TBARS) is measured as an index of lipid peroxidation.
Increased lipid peroxidation (LPO) explains the elevated level of oxidative stress and causes instability of cellular membrane. Pressure in combination with laminar/pulsatile shear stress was found to increase LPO in blood vessels. Low pressure with both laminar and pulsatile shear stress did not seem to elevate LPO in aorta, but at higher pressure LPO has significantly increased with pulsatile flow (Fig. 8 and Table 4 ) explaining proatherogenic role of pulsatile shear stress in hypertensive conditions in vivo. Howard et al. [12] have explained earlier that hypertension imposed an oxidant stress on the aorta, causing mechanical deformation of the aortic wall. They reported an increase in LPO in porcine aortic endothelial cells (PAEC) subjected to pulsatile flow or cyclic strain.
As far as the activity of xanthine oxidase is concerned, we could not find a determining role of hemodynamics in imposing a regulatory effect on XO activity. The level of xanthine oxidase activity has been measured to determine the amount of superoxide produced in vessel wall [44] . Shear stress and pressure did not have significant impact on production of vascular xanthine oxidase. XO was investigated as source of ROS in generating oxidative stress in arterial wall. Although, the major source of ROS in vascular system is NADPH oxidase [45, 46] in endothelium, xanthine oxidase appeared to be a major superoxide generating system in vascular tissues [47] . In the present study, considering whole arterial wall, hemodynamic forces did not significantly affect xanthine oxidase activity. This may explain xanthine oxidase as a weak inducer of ROS in arterial wall. Experimental protocol: All the estimations were made spectrophotometrically, using homogenate and post mitochondrial supernatant (PMS) of the tissue. [Xanthine oxidase (μg/g tissue), Catalase (nmol of H 2 O 2 consumed/min/mg protein), Glutathione peroxidase (nmole of NADPH oxidized/ min/ mg protein), Glutathione reductase (nmole of NADPH oxidized/ min/ mg protein), G6PD (nmole of NADP reduced/ min/ mg protein), SOD (units/ml), GST (nmole CDNB conjugate formed/ min/ mg protein). Statistics: Mean + SE, at significance level of P<0.05*, P<0.01** and P<0.001***]. It is interesting to note that pulsatile shear stress downregulates the basal antioxidant defense in blood vessels in hypertensive state (150 cm water), whereas laminar shear stress may play a protective role in vasculature. These results are in agreement with earlier studies [17, 48, 49] , which have reported an atheroprotective role of laminar shear stress. We speculate that differences in arterial wall redox state, coordinated by different regimens of hemodynamic stresses, may contribute to the focal nature of atherosclerosis. Present study demonstrated that pathophysiologically relevant levels of cyclic/pulsatile flow and pressure promote ROS formation and GSH depletion in rabbit thoracic aorta, which, in turn, induce G6PDH expression and increase G6PDH activity. We further observed that hydrostatic pressure does not have a uniform influence on arterial wall redox state. In conclusion, results suggest that pulsatile flow induces a general increase in the oxidative state of vascular endothelial and smooth muscle cells, which is mediated by downregulation of the production of vascular superoxide dismutase with a consequent increase in superoxide anion production. Taken together with the results (unpublished data), regarding regulation of NO production by different hemodynamic environments, it is speculated that in case of laminar flow regimen, the balance between NO and superoxide anion productions is well preserved, whereas under pulsatile flow, it is in favor of superoxide anion. Thus, the flow induced oxidative stress and pressure response seems to be associated with vascular wall dysfunction as it is evident by altered reactivity of antioxidants and increased levels of aortic prooxidants under pulsatile shear stress. It can be speculated that endothelial or vascular oxidative damage may arise not only when free radical production is excessive but also at normal physiological state, if not regulated by well-organized and accessible defense mechanisms.
In conclusion, these findings have implications for the use of anti-oxidative therapy in hypertension. Present study has also reviewed evidences that lead to postulate that hypertension predisposes to and accelerates atherosclerosis, at least in part, because of synergy between elevated blood pressure and other atherogenic stimuli to induce oxidative stress on the arterial wall [50] . We therefore hypothesized that, in both normotensive and hypertensive situations, steady laminar shear stress may induce compensatory antioxidant defense mechanisms by increasing the production of SOD. In the present study, similar increases in catalase activity with laminar shear stress were also observed in vessels exposed to hemodynamic forces.
